The biosynthesis and regulation of phosphatidylinositol 3-kinase-related kinase (PIKK) proteins is crucial for cells to grow, proliferate, and respond to stress conditions. The PIKK family of proteins includes ATM/[Te11](http://www.yeastgenome.org/locus/S000000184/overview) (mammalian/yeast), ATR/[Mec1](http://www.yeastgenome.org/locus/S000000340/overview), mTOR/[Tor1](http://www.yeastgenome.org/locus/S000003827/overview), [Tor2](http://www.yeastgenome.org/locus/S000001686/overview), TRRAP/[Tra1](http://www.yeastgenome.org/locus/S000001141/overview), and the mammalian proteins DNA-dependent protein kinase (DNA-PKcs) and SMG1. Each has important roles in cell signaling during stress (reviewed in [@bib1]), and regulate one or more critical functions such as cell growth and nutrient response (mTOR), DNA damage response (ATM, ATR, and DNA-PKcs), and the regulation of gene expression (TRRAP and SMG1) (reviewed in [@bib45]; [@bib6]; [@bib27]; [@bib35]). The PIKK proteins are large, and share extensive N-terminal helical regions, and a C-terminal domain that resembles the phosphatidylinositol-3-kinases ([@bib26]). Perhaps due to this common structure, biosynthesis and maintenance of the PIKKs are regulated by a common set of proteins. This first became apparent when [@bib38] demonstrated that [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) was required to maintain the steady state level of ATM, ATR, DNA-PKcs, SMG1, mTOR, and TRRAP. In subsequent work [@bib39] demonstrated that [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) interacts with newly synthesized proteins, suggesting that it executes cotranslational chaperone activity. *[TEL2](http://www.yeastgenome.org/locus/S000003331/overview)* was also identified in a screen for genes involved in the DNA damage response, likely as a result of its regulation of ATM and ATR ([@bib21]). In the same screen, [@bib21] identified the genes encoding [Tti1](http://www.yeastgenome.org/locus/S000001516/overview) ([Tel2](http://www.yeastgenome.org/locus/S000003331/overview) interactor) and [Tti2](http://www.yeastgenome.org/locus/S000003897/overview). The three proteins were found to mutually associate and coelute in molecular weight fractions corresponding to a complex they termed the TTT complex. The TTT complex associates with a number of molecular chaperones including Hsp90, Hsp70, Hsp40, and the R2TP/prefoldin-like complex ([@bib19]; [@bib39]). The TTT complex is thus considered a cochaperone, yet the role of each member of the complex, its substrate specificity, and its mechanism of action are unknown.

We identified *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* as a genetic suppressor of a *[tra1](http://www.yeastgenome.org/locus/S000001141/overview)* allele, which alters the C-terminal phenylalanine to alanine ([@bib12]). This allele reduces the stability and nuclear localization of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview), resulting in reduced growth, particularly under stress conditions. Two alleles of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* (Phe328 to Ser and Ile336 to Phe) suppress the *[tra1](http://www.yeastgenome.org/locus/S000001141/overview)-F3744A* mutation. Consistent with a role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) as a cochaperone, *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* suppression of *[tra1](http://www.yeastgenome.org/locus/S000001141/overview)-F3744A* reduces its degradation, and enhances the stability and nuclear localization of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview)-F3744A ([@bib12]). The *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* alleles did not, however, suppress the growth defects of a *[mec1](http://www.yeastgenome.org/locus/S000000340/overview)* allele with a C-terminal Trp to Ala mutation, suggesting specific interactions between [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) and [Tra1](http://www.yeastgenome.org/locus/S000001141/overview).

In *Saccharomyces cerevisiae*, *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* encodes an essential protein of 421 amino acid residues. Like [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) ([@bib39]), [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is predicted to be primarily helical, and localizes to both the nucleus and cytoplasm ([@bib12]). Further emphasizing the importance of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) are findings that it is implicated in human brain development. A missense mutation that converts I436 to N within human [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) causes an autosomal recessive disorder defined by microcephaly, short stature, behavioral problems, skeletal abnormalities, and facial dismorphic features ([@bib25]). Furthermore, A P367L missense mutation in *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* has been linked to intellectual disability ([@bib30]). Individuals with a [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) defect show characteristics similar to individuals who are unable to respond to DNA damage, possibly due to inhibition of ATR function ([@bib25]).

Our goal is to use a molecular genetic approach to define the role of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), characterize its structure/function relationships, as well as its relationship with [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview). We therefore began this study with a screen for *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* alleles that would identify features required for the function of the protein. Surprisingly, we identified an allele with an ochre mutation at codon 276. As C-terminal truncations of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) do not support viability, this result suggested that low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) potentially obtained by read-through of the ochre mutation were sufficient for viability. To further characterize the effect of depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), we placed it under control of the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter, and analyzed the properties of the protein and strain in raffinose and glucose-containing media. We demonstrate that low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) are sufficient for viability in nonstress conditions. Depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) does, however, result in temperature sensitivity, and impairs the ability of cells to respond to certain conditions of stress related to PIKK function. We show that the steady state levels of [Mec1](http://www.yeastgenome.org/locus/S000000340/overview), [Tra1](http://www.yeastgenome.org/locus/S000001141/overview), and [Tor1](http://www.yeastgenome.org/locus/S000003827/overview) decrease when [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels are depleted, with [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) and [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) being more affected. A significant proportion of both [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) mislocalize to foci within the cytosol when [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is expressed at low levels, which does not appear to result from protein aggregation. Furthermore, overexpressing Hsp90, a molecular chaperone involved in PIKK complex assembly ([@bib19]; [@bib39]), results in synthetic lethality in cells depleted of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview). [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is not induced by heat shock, but its absence induces expression of [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview). Taken together, these results support a specialized role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) in PIKK complex assembly, rather than acting as a general chaperone in protein folding.

Materials and Methods {#s1}
=====================

Yeast strains and growth {#s2}
------------------------

Yeast strains were grown in YP (yeast peptone) media or synthetic dropout media supplemented with required nitrogenous bases and amino acids. Strains containing YCplac111-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* as the sole source of *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* were grown in YP or synthetic dropout media containing 2% galactose except as otherwise indicated.

All strains in this study (Supplemental Material, [Table S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/TableS1.pdf)) are derivatives of the wild-type yeast strains BY4741, BY4742, and BY4743 ([@bib44]). The *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* disruption strain CY6032 was generated in the diploid BY4743 strain by integrating a *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*-Tn*10*luk*-[MET5](http://www.yeastgenome.org/locus/S000003898/overview)* cassette (described in *DNA constructs*). This strain was subsequently transformed with YCplac111-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* (*[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* centromeric plasmid), sporulated, and *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)/[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* haploids selected to give rise to the *MATa* strain CY6049. The *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* was then eliminated by counter-selection with 5-fluoroorotic acid (5-FOA; Toronto Research Chemicals Inc.). YCplac33-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* (*[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* centromeric plasmid) was transformed into CY6049, and YCplac111-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* lost after repeated growth on leucine containing plates to generate CY6070. This strain was subsequently transformed with YCplac111-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*, YCplac111*-[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~*, and YCplac111*-[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~*, then plated on 5-FOA to lose YCplac33-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* and generate strains CY6857, CY6872, and CY6874, respectively. The related *MAT*α strain CY6963 was obtained by sporulation after crossing BY4742 with CY6070. CY6971 and CY6991 were made by transforming CY6070 with YCplac111-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* and YEplac181-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*, respectively, and in each strain the *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* plasmid was lost by plasmid shuffling on 5-FOA. To generate CY6973, the plasmid copy of *[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* was disrupted with *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* by integrating pLU12 ([@bib7]) digested with *Hpa*I and *Sal*I. CY7000 is a diploid strain containing a disruption of both genomic copies of *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* made by mating CY6971 with CY6963, and subsequently losing the *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* on 5-FOA.

CY7086 expressing C-terminal Myc^9^-tagged [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) from its endogenous promoter was constructed by transforming BY4742 with the *Sph*I--*Sac*I fragment of pCB2890, and selecting for growth on medium lacking histidine. Integration of the Myc^9^-tag was confirmed by Western blot. To generate CY7172, pCB2911 was transformed into CY6971, repeatedly grown on leucine-containing plates depleted of uracil to lose YCplac111-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*, then checked for leucine auxotrophy.

Flag^5^-tagged *[TRA1](http://www.yeastgenome.org/locus/S000001141/overview)* (CY5919) and Flag^5^-tagged *[MEC1](http://www.yeastgenome.org/locus/S000000340/overview)* (CY6194) strains have been previously described ([@bib12]; [@bib8]*)*. CY6999 and CY7030 were made by integration of the Flag^5^-tagged *[TRA1](http://www.yeastgenome.org/locus/S000001141/overview)* and *[MEC1](http://www.yeastgenome.org/locus/S000000340/overview)* containing cassette into CY6971, as described in [@bib12] and [@bib8]. CY6415 containing a Flag^5^-tagged *[TOR1](http://www.yeastgenome.org/locus/S000003827/overview)* allele was made by integration of a *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)*-containing cassette (described below) into BY4743 and CY7000.

Strains expressing *eGFP-[TRA1](http://www.yeastgenome.org/locus/S000001141/overview)* (CY5998 and CY7193) were made by integrating an *Sph*I--*Xba*I fragment of pCB2301 (as described in [@bib12]). Similarly, *eGFP-[MEC1](http://www.yeastgenome.org/locus/S000000340/overview)* strains (CY6306 and CY7189) were made by integrating an *Sph*I--*Eco*RI fragment of pCB2395 (as described in [@bib8]).

CY6857 and CY6872 were transformed with a two micron *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)*-containing plasmid expressing *htt25Q* from the *[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)* promoter (described in [@bib10]) to generate CY7236 and CY7238, or *htt103Q* expressed from the *[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)* promoter to create CY7237 and CY7239. For an empty vector control, YCplac33 was transformed into CY6872, resulting in CY7241.

Two micron *[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* plasmids containing *[CDC37](http://www.yeastgenome.org/locus/S000002575/overview)*, *[HSP82](http://www.yeastgenome.org/locus/S000006161/overview)*, *[AHA1](http://www.yeastgenome.org/locus/S000002622/overview)*, or *[HSC82](http://www.yeastgenome.org/locus/S000004798/overview)* expressed from the *[GPD](http://www.yeastgenome.org/locus/S000003424/overview)* promoter were transformed into CY6070 to generate strains CY7370, CY7371, CY7372, and CY7373, respectively, and into CY6973 to create strains CY7374, CY7375, CY7376, and CY7377, respectively. Two micron *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* plasmids expressing either *[HSP42](http://www.yeastgenome.org/locus/S000002578/overview)*, *[HSP26](http://www.yeastgenome.org/locus/S000000276/overview)*, or *[HSP104](http://www.yeastgenome.org/locus/S000003949/overview)* (described in [@bib5]) were transformed into CY6857 to generate CY7323, CY7247, and CY7248, respectively, and into CY6971 to produce CY7324, CY7251, and CY7252, respectively. YCplac33 was transformed into CY6857 and CY6971 to give rise to empty vector control strains CY7245 and CY7249, respectively.

DNA molecules {#s3}
-------------

The *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* disruption cassette in pCB2312 was created in three steps. First, genomic DNA was used to PCR amplify a *Sal*I--*Bam*HI fragment at the 3′ end of *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* extending into noncoding sequence using primers 6085-3 and 6085-4 (see [Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/TableS2.pdf) for a listing of oligonucleotides), which was cloned into pTZ18r. A 5′ fragment of *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* extending into the *[MET5](http://www.yeastgenome.org/locus/S000003898/overview)* fragment was amplified using primers 6085-1 and 6085-2, and inserted as a *Bam*HI--*Eco*RI into the above plasmid. Tn*10*luk ([@bib20]) was then inserted into the *Bam*HI site of this molecule. Digestion with *Sal*I and *Eco*RI allowed insertion into yeast with selection for Ura^+^ transformants.

pCB2134 and pCB2319 express Myc^9^-tagged *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* from the *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)* promoter in the *[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* and *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* centromeric plasmids YCplac111 and YCplac33, respectively ([@bib12]). The *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter was substituted into pCB2134 after cloning a PCR product using oligonucleotides 2764-1 and 2764-2 as a *Pst*I--*Hin*dIII fragment to generate pCB2844 (YCplac111-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*). *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* from pCB2844 was inserted as a *Pst*I--*Sac*I fragment into YEplac181 to give pCB2862.

The *[PHO5](http://www.yeastgenome.org/locus/S000000297/overview)-lacZ* and *STRE-lacZ* fusion constructs in YCp87 have been previously described ([@bib29]; [@bib18]). The *HSE-lacZ* plasmid has been described in [@bib9].

pCB2890, the molecule to integrate a C-terminal Myc^9^-tag into [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), was constructed in a cassette using a base oligonucleotide synthesized by Life Technologies Inc. (see [Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS1.pdf) for sequence). This molecule was cloned as an *Sph*I--*Sac*I fragment into pTZ19r lacking a *Hin*dIII site. The *Sph*I site is at base pair 1076 relative to the *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* translational start, followed by the [TTI2](http://www.yeastgenome.org/locus/S000003897/overview) coding sequence to the C-terminus, with the Myc^9^-tag from YCPlac111-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* cloned as a *Hin*dIII--*Not****I*** fragment in front of the translational stop codon. The molecule contains a *Bam*HI site downstream of the translational stop into which *[HIS3](http://www.yeastgenome.org/locus/S000005728/overview)* was cloned, followed by additional downstream sequence and a *Sac*I site to allow integration into yeast as a *Sph*I-*Sac*I fragment. The *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* promoter was PCR amplified using primers TD0569 and TD0570 and genomic DNA as template, cloned into YCplac33 as a *Sal*I-*Hin*dIII fragment in a triple ligation with *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* from pCB2134 as a *Sal*I-*Sac*I fragment to generate pCB2911.

pCB2425, which contains a cassette to integrate Flag^5^-tagged *[TOR1](http://www.yeastgenome.org/locus/S000003827/overview)* as an *Sph*I--*Eco*RI fragment was adapted from pCB2134 used previously to tag *[TRA1](http://www.yeastgenome.org/locus/S000001141/overview)* ([@bib12]). *[TOR1](http://www.yeastgenome.org/locus/S000003827/overview)*-specific sequences were added to this molecule as *Sph*I--*Hin*dIII and *Not*I--*Sal*I fragments after PCR with oligonucleotides 6496-1 and 6496, and 6496-3 and 6496-4. Digestion with *Sph*I and *Sal*I allows insertion into at *[TOR1](http://www.yeastgenome.org/locus/S000003827/overview)* after selection for Ura^+^ transformants.

*[CDC37](http://www.yeastgenome.org/locus/S000002575/overview)*, *[HSP82](http://www.yeastgenome.org/locus/S000006161/overview)*, *[HSC82](http://www.yeastgenome.org/locus/S000004798/overview)*, and *[AHA1](http://www.yeastgenome.org/locus/S000002622/overview)* were amplified by PCR (refer to [Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/TableS2.pdf) for oligonucleotide sequences) using genomic DNA as template and cloned into Gateway *[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)* two micron destination vectors as described in [@bib2].

The plasmids used for overexpressing [Hsp26](http://www.yeastgenome.org/locus/S000000276/overview) and [Hsp104](http://www.yeastgenome.org/locus/S000003949/overview) from the glyceraldehyde-3-phosphate dehydrogenase ([GPD](http://www.yeastgenome.org/locus/S000003424/overview)) promoter have been previously described ([@bib5]). *[HSP42](http://www.yeastgenome.org/locus/S000002578/overview)*, along with its promoter (500 bp sequence upstream of translation start site), was cloned by PCR using primer TK7578 and TK7579 and genomic DNA as template. The PCR product was ligated into a *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* two micron plasmid (YEplac195) as a *Not*I--*Sac*I fragment.

Screening for defective tti2 alleles {#s4}
------------------------------------

To generate strains CY6872 and CY6874, a library of randomly mutagenized *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* alleles was constructed by PCR using *Taq* polymerase and primers 5693-1 and 5693-2, and inserting into YCplac111-*[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* as a *Not*I--*Sac*I fragment. The randomly mutated alleles were transformed into CY6070, and *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* on the *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)* plasmid was shuffled out by plating on 5-FOA. These strains were patched onto a YPD plate and screened for slow growth on a YPD plate containing 6% ethanol or when grown at 37°. Plasmids were recovered ([@bib17]) and transformed back into CY6070 to confirm the phenotype. Alleles resulting in slow growth were sequenced to identify mutations.

Growth assays {#s5}
-------------

Stress sensitivity assays were performed at 30° or 37° on YP plates containing 2% raffinose or glucose, and either 6% ethanol, 1 nM rapamycin (LC Laboratories), 0.1 M hydroxyurea (Sigma-Aldrich), 8 μg/ml Calcofluor white (Sigma-Aldrich), 10 mM caffeine (Sigma-Aldrich) or 1 M sodium chloride (EMD Chemicals Inc.). Strains were grown to stationary phase, their optical density at 600 nm normalized, and spotted in 10-fold serial dilutions onto each plate. Growth curves were performed in YP media with either 2% glucose, 2% galactose, or 2% raffinose as the carbon source after growth of a starter culture in YP containing 2% raffinose.

Western blotting {#s6}
----------------

Yeast strains were grown to midlogarithmic phase, then lysed with glass beads to harvest protein. Western blotting was performed using PVDF membranes and anti-Flag (M2; Sigma-Aldrich) and anti-Myc (9E10; Sigma-Aldrich) monoclonal antibodies as described by [@bib29] and [@bib18]. Anti-Hsp42 polyclonal antibody was kindly provided by Johannes Buchner (Technische Universität München), and was used as previously described ([@bib15]).

Half-life of Tti2 {#s7}
-----------------

Yeast strains CY6971 and BY4742 were grown to stationary phase in YP medium containing galactose, diluted 1:100 in the same medium, then grown to an optical density of 2.0 before adding 35 µg/ml of cycloheximide; 10^8^ cells were harvested before adding cycloheximide, and at 2, 4, 6, and 8 hr thereafter. Protein was extracted as described in [@bib41] in the presence of protease inhibitors (1.0 mM phenylmethylsulfonyl fluoride, 5 mg/ml pepstatin, 1.0 mM benzamidine, 50 mg/ml trypsin inhibitor, and 5 mg/ml leupeptin), and the lysates were separated by SDS-PAGE and Western blotted with anti-Myc antibody. The bottom quarter of the gel was stained with Coomassie Brilliant Blue and shown as a control for equal loading.

β-Galactosidase assays {#s8}
----------------------

LacZ reporter plasmids were assayed in strains CY6070 and CY6973. For the *[PHO5](http://www.yeastgenome.org/locus/S000000297/overview)-lacZ* reporter, strains were grown to stationary phase, washed three times with sterile water, diluted 20-fold in YPD medium depleted of phosphate, and grown for 8 hr. Cell densities were normalized and β-galactosidase units were determined using *o*-nitrophenol-β-[d]{.smallcaps}-galactosidase as substrate as described in [@bib29]. Strains containing the *STRE-lacZ* reporter were diluted 1:20 from stationary culture, and grown in medium containing 2% glucose and 6% ethanol for 8 hr prior to the assay. When assaying the heat shock element, strains were grown to midlogarithmic phase in YPD, then heat shocked at 42° for 30 min. Strains containing *PGK-lacZ* were grown to stationary phase in medium with raffinose as the sole carbon source, then diluted 1:20 in YPD and grown for 8 hr.

Fluorescence microscopy {#s9}
-----------------------

Yeast strains CY5998, CY7193, CY6306, and CY7189 were grown to stationary phase in minimal medium lacking uracil, diluted 1:20 and grown to an optical density of 0.8 at 600 nm. Cells were concentrated 10-fold and 33258 Hoechst bisbenzimidazole dye (Sigma-Aldrich) was added to each culture at 1.0 µg/ml 1 hr prior to imaging. Cells were washed twice in 1 ml of sterile water and imaged using a Zeiss Axioskop 2 microscope driven by Image J 1.41 software (National Institutes of Health), and a Scion CFW Monochrome CCD Firewire camera (Scion, Frederick, MD) with bright field, DAPI, and GFP filter sets. Image J 1.48 software was used for quantifying GFP signal intensities. For each cell counted, the *elliptical* tool was used to trace each cell on bright field images, and the *measure* function was used to calculate signal intensity per unit area from GFP images. The nucleus was defined as the top 10% of pixels with the highest intensity values within the outlined cell from images taken with the DAPI filter, and was determined using the *threshold* function. This area was outlined using the *magic wand* tool and the traced area was used to measure GFP signal intensity in the nucleus. Background noise was subtracted from the whole cell and nuclear intensity values and was measured in the area adjacent to the cell. Percent intensity in the nucleus was calculated by dividing the background subtracted intensity values of the nucleus by the background-subtracted values of the whole cell. Percent nuclear intensity calculations represent an average of individual cell ratios (nuclear GFP intensity: whole cell GFP intensity) taken across 20 cells for each strain.

Semidenaturing detergent-agarose gel electrophoresis (SDD-AGE) {#s10}
--------------------------------------------------------------

Aggregation of [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) was analyzed using SDD-AGE as described in [@bib24] with the following modifications. Yeast strains CY6194 and CY7030 were grown to stationary phase in minimal medium lacking uracil and containing 2% raffinose. BY4742 was grown in YPD to stationary phase. All strains were diluted 1:20 in YPD and grown to midlogarithmic phase. Protein was extracted from cells by glass bead lysis in buffer containing 100 mM Tris, pH 7.5, 200 mM NaCl, 1.0 mM EDTA, 5% glycerol, 1.0 mM DTT, and protease inhibitors (1.0 mM phenylmethylsulfonyl fluoride, 5 mg/ml pepstatin, 1.0 mM benzamidine, 50 mg/ml trypsin inhibitor, and 5 mg/ml leupeptin). Protein lysates were separated on a 1.8% agarose gel then transferred to PVDF overnight by capillary transfer in Tris-buffered saline pH 7.5. The PVDF membrane was Western blotted using anti-Flag primary and mouse secondary antibodies as described previously ([@bib29]; [@bib18]). Ponceau S (Sigma-Aldrich) was used to stain the membrane after capillary transfer to document equal loading.

Data availability {#s11}
-----------------

All yeast strains and plasmids are available upon request. The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.

Results {#s12}
=======

Identification of stress-sensitive tti2 alleles {#s13}
-----------------------------------------------

To initiate studies into the structure/function relationships of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), we selected for randomly created mutations that confer slow growth under stress conditions. A library containing random mutations in *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* generated by PCR with *Taq* polymerase was transformed into CY6070, a strain with the genomic copy of *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* deleted, and with *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* on a *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)*-containing plasmid. After plasmid shuffling on 5-FOA, we screened colonies for slow growth on YPD plates containing 6% ethanol and/or when grown at 37°. Two strains were identified. The plasmids from each strain were then sequenced and the phenotype confirmed after retransformation. One *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* allele contained a mutation converting leucine 187 to proline; the second allele, *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~*, contained an ochre mutation at codon 276. As shown in [Figure 1](#fig1){ref-type="fig"}, the L187P mutation causes a slight reduction in growth on YPD at 30°, and more severely reduced growth on medium containing 6% ethanol, and at 37°. The *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* allele resulted in slow growth under each condition, with severely reduced growth on medium containing the cell wall binding compound Calcofluor white and at 37°.

![Selection of randomly created tti2 mutations that cause slow growth. CY6070 (*TTI2*), CY6872 (*tti2~L187P~*), and CY6874 (*tti2~Q276TAA~*) were grown to saturation in YPD medium then spotted in 10-fold serial dilutions onto YPD, YPD containing 6% ethanol, or 8 μg/ml Calcofluor white, and grown at 30°, and on YPD grown at 37°.](1649f1){#fig1}

Low levels of Tti2 support viability but cause slow growth {#s14}
----------------------------------------------------------

As the *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* alleles were Myc^9^-tagged, we were able to examine their expression by Western blotting ([Figure 2A](#fig2){ref-type="fig"}). [Tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~ is expressed at a level approximately two-fold less than the wild-type protein. *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* is expressed at a reduced level, and, as expected, is truncated. The ability of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* to support viability may indicate that the C-terminal sequence of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is not essential for function, or that the ochre mutation is read-through (or skipped) at a low frequency, which is sufficient to support viability. To test if the C-terminus of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is essential, we used plasmid shuffling to examine whether C-terminal truncations to residue 356 and 321 support viability. As shown in [Figure 2B](#fig2){ref-type="fig"}, neither truncation allele supports viability. We therefore conclude that C-terminal sequences are essential, and hypothesize that *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* supports viability due to a low level of read-through of the ochre mutation.

![Characterization of Tti2 mutations. (A) Yeast strains CY6872 (lanes 1, 2, and 3), CY6070 (lanes 5, 6, and 7), CY6874 (lanes 9, 10, and 11), and BY4742 (lane 13), were grown to stationary phase in minimal medium, diluted 1:20 in YPD and grown for 8 hr at 30°. Protein was harvested by grinding with glass beads, and the indicated amount of lysate separated by SDS-PAGE (8%), and Western blotted with anti-Myc antibody. (B) CY6070 was transformed with plasmids containing full length *TTI2*, or derivatives with C-terminal deletions to residues 350 (Δ351--421) or 325 (Δ326--421). Individual transformants were grown in YPD and spotted serially on a minimal plate containing 5-FOA. (C) Strains CY6070 (*DED1-TTI2*) and CY6971 (*GAL10-TTI2*) were grown to stationary phase, then spotted in 10-fold serial dilutions onto YP plates containing 2% galactose, raffinose, or glucose, and grown for 3 d at 30°.](1649f2){#fig2}

To test the effect of reducing *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* expression, we placed it under the control of the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter on a *[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)* centromeric plasmid in a strain lacking the genomic copy (CY6971). Comparisons were made between *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* expressed from the *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)* and the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter. When grown on galactose-containing medium, *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* supported growth at a rate comparable to *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* ([Figure 2C](#fig2){ref-type="fig"}). To test for growth on raffinose and glucose-containing plates, conditions that repress *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* transcription, cells were first grown in liquid culture containing the respective carbon source. Similar to what was observed with *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~*, *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* supported viability but showed reduced growth when cells were grown with these carbon sources. These results were reproduced in liquid medium, where growth of the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strain in glucose and raffinose decreased the doubling time of cells in logarithmic phase by approximately three- and 1.5-fold (relative to *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*), respectively ([Table 1](#t1){ref-type="table"}).

###### Doubling times (hours) of strains during logarithmic growth phase in YP media containing the indicated carbon source

  Strain                  Galactose     Raffinose     Glucose
  ----------------------- ------------- ------------- ---------------
  CY6070 (*DED1-TTI2*)    2.0 +/− 0.1   2.8 +/− 0.1   1.50 +/− 0.01
  CY6973 (*GAL10-TTI2*)   2.5 +/− 0.1   4.1 +/− 0.1   4.4 +/− 0.4

To ensure that the observed doubling times were not influenced by excess [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) remaining in the cells from their prior growth in galactose, we determined protein half-life. The *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* disruption strain containing *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* (CY6971) was grown to midlogarithmic phase with galactose as the carbon source, and translation was blocked with cycloheximide. [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels decreased approximately two-fold after 6 hr ([Figure 3A](#fig3){ref-type="fig"}; cf. lanes 2 and 7). We conclude that by growing cells in raffinose or glucose containing media over 2 d, we can deplete the cellular levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) and assess the effect on growth.

![Depleting Tti2 below endogenous levels supports viability. (A) Yeast strains CY6971 and BY4742 were grown to saturation in YP medium containing galactose, then diluted 1:100 in the same medium, and grown for 16 hr to an optical density of 2.0 at 600 nm; 10^8^ cells were then harvested before blocking translation and 2, 4, 6, and 8 hr after adding 35 µg/ml of cycloheximide. For each time point, cell pellets were washed with lysis buffer then immediately stored at --80°. Total protein was extracted from each cell pellet using an optimized extraction protocol ([@bib41]) and in the presence of protease inhibitors. A 1.0-µl aliquot of lysate was loaded per time point and separated by SDS-PAGE. Tti2 was detected by Western blotting with anti-Myc antibody, and the bottom of the gel was stained with Coomassie Brilliant Blue for a loading control. (B) *GAL10-TTI2* expression in glucose-containing medium. Yeast strain CY6070 (lanes 1, 2, and 3), CY6971 (lanes 5 and 8), and BY4742 (no tag control; lane 4) were grown to stationary phase in glucose-containing YP, diluted 1:20 in fresh medium and grown for 8 hr before harvesting. Protein was extracted with glass beads and the indicated amounts separated by SDS-PAGE and Western blotted with an anti-Myc antibody to detect tagged Tti2. Lane numbers are listed between the blot and the bottom of the gel, which was stained with Coomassie Brilliant Blue for a loading control (CBB). Lane 6 was left open to separate galactose control lanes. (C) CY7086 (genomically encoded C-terminal Myc^9^-tagged *TTI2*, *WT-TTI2*; lanes 1, 2, 3, and 7), CY6971 (*GAL10-TTI2*; lanes 4, 5, 6, and 8), and BY4742 (no tag; lane 9) were grown to saturation in YP media containing either raffinose or galactose, then diluted 1:20 in the same medium and grown for 8 hr. Protein was extracted by bead lysis and the indicated amounts separated by SDS-PAGE and Western blotted as described above. The bottom portion of the gel was stained with Coomassie Brilliant Blue. (D) CY6971, CY7172 (YCplac33-*TTI2-TTI2*), and BY4742 were grown to stationary in media depleted of leucine and containing either raffinose or galactose, diluted 1:20 in the same medium, and grown for 8 hr before harvesting. Protein extraction and Western blotting was performed as in (B).](1649f3){#fig3}

We then examined the steady state expression of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) in different media by Western blotting. The amount of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was similar when expressed from the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* or *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)* promoter when cells were grown in galactose-containing medium ([Figure S2A](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS2.pdf)). In contrast, [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was not detected in 100 µg of protein extract when the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* allele was expressed in glucose ([Figure 3B](#fig3){ref-type="fig"}; lane 5) or raffinose media ([Figure S2B](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS2.pdf); lane 5). In these same conditions, *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* expression was detected in 1 μg of extract ([Figure 3B](#fig3){ref-type="fig"} and [Figure S2B](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS2.pdf); lane 2). To provide an indication of the relative expression of *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* in raffinose and glucose media, we engineered the constructs in the two micron plasmid YEplac181. The level of expression from the two micron plasmid supported robust growth on glucose-containing plates ([Figure S3A](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS3.pdf)). *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* expressed [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) from the two micron plasmid was detected in raffinose and glucose-containing media, with the expression in raffinose being approximately five-fold higher than in glucose ([Figure S3B](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS3.pdf); cf. lanes 4 and 7), a fold-change consistent with what we routinely observe with LacZ-fusions to the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter.

Two approaches were taken to demonstrate that depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) using the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter results in expression below endogenous levels. First, the expression of an integrated C-terminally Myc^9^-tagged *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* allele was compared to *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* expression from a centromeric plasmid in raffinose-containing medium. Again, [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) expressed from the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter was not detected with 100 μg of protein loaded ([Figure 3C](#fig3){ref-type="fig"}, lane 4). In comparison the endogenous allele allowed detection at 10 μg (lane 2), suggesting a minimum difference of 10-fold in raffinose and by extrapolation 50-fold in glucose medium. Second, we analyzed [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) expression regulated by the *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* promoter on a centromeric plasmid. [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was detected when expressed from its promoter at 37.5 µg of protein extract ([Figure 3D](#fig3){ref-type="fig"}, lane 3), while expression from the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter in raffinose was undetectable in 150 µg of protein loaded (lane 4). Taken together, these results indicate that expression of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) below endogenous levels supports viability but lead to slow growth.

Depleting Tti2 levels causes sensitivity to stress conditions {#s15}
-------------------------------------------------------------

Strains containing YCplac111-*[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* were analyzed to determine whether depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) would affect growth under stress conditions, possibly by regulating PIKK expression. Serial dilutions of the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*- and *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*-containing strains were spotted onto plates with raffinose as the carbon source, and also on raffinose containing either hydroxyurea (ribonucleotide reductase inhibitor), ethanol, Calcofluor white (cell wall integrity), rapamycin (mTOR inhibitor), caffeine, and sodium chloride (osmotic stress) ([Figure 4A](#fig4){ref-type="fig"}). Growth at 37° was also examined. Slow growth was observed in all of these stress conditions. For conditions that had more moderate effects on growth, we repeated the assay on plates with glucose as the carbon source. In each case (ethanol, Calcofluor white, and rapamycin) this resulted in a more severe growth defect ([Figure 4B](#fig4){ref-type="fig"}). The pattern resembled that seen for the *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* allele; however, the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strain was more sensitive to rapamycin and slightly less sensitive to Calcofluor white. Taken together, these results indicate that low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) cause stress sensitivity to conditions that perturb pathways regulated by PIKK proteins, including the DNA damage response, cell wall integrity pathway, nutrient limitation, and osmoregulation.

![Stress sensitive phenotypes caused by reduced expression of *TTI2*. (A) CY6070 (*DED1-TTI2*), CY6971 (*GAL10-TTI2*), and *mec2-1* (included as a control for sensitivity to hydroxyurea; [@bib43]), were grown to stationary phase in YP medium containing raffinose then 10-fold serial dilutions spotted onto YP plates containing raffinose, or with raffinose, and either 0.1 M hydroxyurea, 6% ethanol, 8 μg/ml Calcofluor white, 1.0 nM rapamycin, or 1 M NaCl and grown for 3 d at 30° or 37°. (B) CY6070, CY6971, and CY6874 (*tti2~Q276TAA~*) were grown to stationary phase in YPD medium then 10-fold serial dilutions spotted onto YPD plates, or YPD with either 6% ethanol, 8 μg/ml Calcofluor white, 1.0 nM rapamycin, or 10 mM caffeine, and grown at 30° for 3 days.](1649f4){#fig4}

Depleting Tti2 reduces PIKK steady state levels {#s16}
-----------------------------------------------

The nature of the stress-related growth defects following reduced levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) suggested that PIKK proteins are affected. We previously found that reduced levels of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) alter the expression of genes involved in stress response ([@bib18]). To address whether [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) was affected by depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), we analyzed transcription regulated by a stress response element (STRE), a heat shock element (HSE), and the *[PHO5](http://www.yeastgenome.org/locus/S000000297/overview)* promoter. [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels were depleted in the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strain by growing in medium containing glucose, and β-galactosidase activity was compared to that of the *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*-containing strain. The *STRE* promoter was activated by growth in medium containing 6% ethanol. The *[PHO5](http://www.yeastgenome.org/locus/S000000297/overview)* promoter was activated by growth in phosphate-depleted medium, and the heat shock element by growth at 42°. Activity of the *PGK* promoter was analyzed under steady state conditions and used as a negative control. As shown in [Figure 5](#fig5){ref-type="fig"}, expression decreased approximately three-fold in the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strain for each promoter except *PGK*, suggesting that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is required for transcription at [Tra1](http://www.yeastgenome.org/locus/S000001141/overview)-regulated promoters.

![Low levels of Tti2 affect expression of Tra1-regulated promoters. Yeast strains CY6070 (*DED1-TTI2*) and CY6973 (*GAL10-TTI2*) were transformed with either a *PHO5-lacZ* fusion, the stress response element (STRE)-regulated *lacZ* fusion, the heat shock element (HSE)-regulated *lacZ* fusion, or *PGK-lacZ* on a *LEU2* centromeric plasmid. For the *PHO5* promoter, strains were grown to stationary phase in raffinose medium depleted of leucine, cells were washed three times with water before being diluted 1:20 in YPD medium depleted of phosphate and grown for 8 hr. Cell densities were normalized and β-galactosidase activity determined. The β-galactosidase units are the average of three replicates, with the SD shown by error bars. Average enzyme units are compared as the percentage of *GAL10-TTI2* to the *DED1-TTI2* strain. Strains containing *STRE-lacZ* fusions were grown to stationary phase in raffinose medium depleted of leucine, diluted 1:20 in YPD medium containing 6% ethanol and grown for 16 hr. *HSE-lacZ* expression was analyzed in strains grown to stationary phase in raffinose medium depleted of leucine, diluted 1:20 in YPD medium, grown for 8 hr then heat shocked at 42° for 30 min. *PGK-lacZ* was analyzed after growing cells to stationary phase in raffinose medium depleted of leucine, diluting 1:20 in YPD and growing for 8 hr.](1649f5){#fig5}

To directly test if reduced levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) alter the expression of PIKK proteins, we examined the levels of Flag^5^-[Tra1](http://www.yeastgenome.org/locus/S000001141/overview), [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) and [Tor1](http://www.yeastgenome.org/locus/S000003827/overview) in cells containing *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*, comparing to a strain expressing *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* from the *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)* promoter. [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) expression was similar for cells grown in galactose ([Figure 6A](#fig6){ref-type="fig"}, lanes 7 and 8), but reduced approximately eight-fold for cells grown in glucose (for example, cf. lanes 3 and 6 in [Figure 6A](#fig6){ref-type="fig"}). [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) expression ([Figure 6B](#fig6){ref-type="fig"}) was similarly reduced in the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strain when cells were grown in glucose (densitometry indicated an 8.9-fold change). [Tor1](http://www.yeastgenome.org/locus/S000003827/overview) expression was affected to a somewhat lesser extent compared to [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) after depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), having an approximate 2.5-fold decrease in levels ([Figure 6C](#fig6){ref-type="fig"}).

![Expression of Tra1, Mec1, and Tor1 are reduced when Tti2 is depleted. (A) Yeast strains CY5919 (*Flag^5^-TRA1 TTI2*; lanes 1, 2, 3, and 7), CY6999 (*Flag^5^-TRA1 tti2*::Tn10*luk GAL10-TTI2*; lanes 4, 5, 6, and 8), and BY4742 (wild type no tag; lane 9) were grown to stationary phase in media containing glucose or galactose (indicated above each blot), diluted 1:20, and grown for 8 hr before extracting protein by bead lysis. The indicated amount of protein (in micrograms) was separated by SDS-PAGE. Anti-Flag (M2) antibody was used to Western blot the top portion of each gel, and the bottom was stained with Coomassie Brilliant Blue (CBB). (B) Protein lysates from strains CY6194 (*Flag^5^-MEC1 TTI2*; lanes 1, 2, 3, and 7), CY7030 (*Flag^5^-MEC1 tti2*::Tn10*luk GAL10-TTI2*; lanes 4, 5, 6, and 8), and BY4742 (wild type no tag; lane 9) were prepared and Western blotted as described in (A). (C) Protein lysates from strains CY6415 (*Flag^5^-TOR1/TOR1 TTI2/TTI2*; lanes 1, 2, 3 and 7), CY7035 (*Flag^5^-TOR1/TOR1 tti2*::Tn10*luk*/ *tti2*::Tn10*luk GAL10-TTI2*; lanes 4, 5, 6, and 8), and BY4742 (wild type no tag; lane 9) were prepared and Western blotted as described in (A).](1649f6){#fig6}

Mislocalization of Tra1 and Mec1 in the absence of Tti2 {#s17}
-------------------------------------------------------

[Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) normally localize to the nucleus; however, when the stability of each protein is compromised by mutations or truncations at the C-terminus, mislocalization to the cytoplasm occurs ([@bib12]; [@bib8]). Since the absence of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) may affect the stability or folding of PIKKs, we determined if depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels causes mislocalization of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview). We integrated an eGFP tag at the N-terminus of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) into a wild-type strain, and in a strain expressing *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* from the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter. Upon depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels, both [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) mislocalized to foci outside the nucleus. eGFP signal was also dispersed throughout the cytoplasm ([Figure 7](#fig7){ref-type="fig"}). When grown in minimal medium containing glucose, 38% of the fluorescent signal was localized to the nucleus in the eGFP-[Tra1](http://www.yeastgenome.org/locus/S000001141/overview) strain expressing abundant [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), whereas 18% was nuclear when depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview). For eGFP-[Mec1](http://www.yeastgenome.org/locus/S000000340/overview), 26% of the signal intensity was detected in the nucleus in wild-type cells compared to 14% when [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels were depleted. These results indicate that low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) cause mislocalization of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) into foci and other areas throughout the cytoplasm.

![Localization of Tra1 and Mec1 upon depleting Tti2. Strains CY5998 (*eGFP-TRA1 WT-TTI2*), CY7193 (*eGFP-TRA1 GAL10-TTI2*), CY6306 (*eGFP-MEC1 WT-TTI2*), and CY7189 (*eGFP-MEC1 GAL10-TTI2*) were grown to stationary phase in synthetic complete medium containing raffinose, diluted 1:20 in synthetic complete medium containing glucose, grown to midlogarithmic phase, and stained with Hoechst stain. Cells were harvested and washed twice in sterile water, then imaged using fluorescence microscopy.](1649f7){#fig7}

We then examined if the cytoplasmic foci of eGFP-[Mec1](http://www.yeastgenome.org/locus/S000000340/overview) seen upon depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) resulted from the formation of [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) aggregates within the cell. To detect protein aggregation, we performed SDD-AGE, comparing the migration of Flag-tagged [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) from strains having either wild type or depleted levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview). The same molecular weight product for Flag-Mec1 was detected for both strains, indicating no change in protein aggregation ([Figure S4](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS4.pdf)). A protein product of a Huntington's disease allele was used as a positive control for aggregation under the same semidenaturing conditions.

Overexpressing Hsp90 chaperones and cochaperones is lethal when Tti2 is depleted {#s18}
--------------------------------------------------------------------------------

[Tti2](http://www.yeastgenome.org/locus/S000003897/overview), along with [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview), share interactions with Hsp90, and inhibiting Hsp90 prevents the association of [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) with PIKK proteins ([@bib39]). We tested if Hsp90 overexpression could rescue slow growth caused by [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion, possibly through an increase in the recruitment of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) to PIKK peptides. We expressed Hsp90 chaperones [Hsp82](http://www.yeastgenome.org/locus/S000006161/overview) and [Hsc82](http://www.yeastgenome.org/locus/S000004798/overview), and cochaperones [Cdc37](http://www.yeastgenome.org/locus/S000002575/overview) and [Aha1](http://www.yeastgenome.org/locus/S000002622/overview), from multicopy plasmids in *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* disruption strains containing either *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* or *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*. Interestingly, when [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was depleted by growing the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* cells in glucose-containing medium, overexpression of each chaperone or cochaperone resulted in synthetic lethality ([Figure 8](#fig8){ref-type="fig"}). This effect depended on depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) levels as the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* strains were viable on galactose-containing plates ([Figure 8](#fig8){ref-type="fig"}). Together with the results from [@bib39], these findings suggest that altered stoichiometry of protein interactions between Hsp90 chaperones, Hsp90 cochaperones, and TTT complex members is detrimental to the cell, possibly through an effect on PIKK assembly.

![Overexpression of Hsp90 chaperones and cochaperones result in synthetic lethality in strains depleted for Tti2. Yeast strains CY7245 (*DED1-TTI2*), CY7249 (*GAL10-TTI2)*, CY7370 (*DED1-TTI2 GPD-CDC37*), CY7371 (*DED1-TTI2 GPD-HSP82*), CY7372 (*DED1-TTI2 GPD-AHA1*), CY7373 (*DED1-TTI2 GPD-HSC82*), CY7374 (*GAL10-TTI2 GPD-CDC37*), CY7375 (*GAL10-TTI2 GPD-HSP82*), CY7376 (*GAL10-TTI2 GPD-AHA1*), and CY7377 (*GAL10-TTI2 GPD-HSC82*) were grown to stationary phase in minimal medium containing 2% raffinose and lacking leucine. Cell densities were normalized then cells spotted in 10-fold serial dilutions onto both YPD and YP-galactose plates and grown at 30° for 2 d.](1649f8){#fig8}

Tti2 is required for stress responses {#s19}
-------------------------------------

Considering the proposed role of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) as a cochaperone, and that depleted or mutant [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) strains grow slowly at 37°, we hypothesized that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) plays a role in responding to protein stress and managing misfolded proteins. To test this, we examined if exon 1 of the human Huntington gene containing a 103 residue polyQ (polyglutamine) sequence caused synthetic slow growth when expressed in the [Tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~-containing strain. The 103 residue polyQ sequence caused slow growth in both wild-type *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* and *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)-L187P* strains when expressed from the *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)* promoter on a two micron ([Figure 9A](#fig9){ref-type="fig"}) or centromeric plasmid ([Figure S5](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS5.pdf)), whereas a 25-residue polyQ sequence did not. Growth was more severely compromised in the *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~* background, suggesting a role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) in responding to protein stress. To determine whether reduced [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) function induces a heat shock response, we analyzed the expression of the heat inducible [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview) ([@bib15]) in strains containing *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* or *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* when grown at 30° in glucose-containing medium. Steady state levels of [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview) were increased 3.8-fold when [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was depleted ([Figure 9B](#fig9){ref-type="fig"}; average signal intensity was calculated using lanes 1, 3, and 5 for *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*, and lanes 2, 4, and 6 for *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*). However, as shown in [Figure 9C](#fig9){ref-type="fig"}, [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is not heat inducible, with the expression of endogenous [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) slightly decreased after shifting yeast strain CY7086 (*WT-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)-MYC^9^*) from 30° to 42° for 30 min, conditions in which [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview) was induced ([Figure 9D](#fig9){ref-type="fig"}). These results suggest that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) does not play a general role in the heat shock response; however, depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) results in protein stress.

![Tti2 is required for stress response. (A) Yeast strains CY7245 (*DED1-TTI2* YCplac33), CY7236 (*DED1-TTI2 GAL1-htt25Q*), CY7237 (*DED1-tti2~L187P~ GAL1-htt25Q*), CY7238 (*DED1-TTI2 GAL1-htt103Q*), CY7239 (*DED1-tti2~L187P~ GAL1-htt103Q*), and CY7241 (*DED1-tti2~L187P~* YCplac33) were grown to stationary phase in minimal medium containing 2% galactose and lacking uracil. Cell densities were normalized then cells were spotted in 10-fold serial dilutions onto a YP plate containing galactose, and grown at 32° for 2 d. (B) CY6070, C6973, and a Δ*hsp42* strain were grown to stationary phase in YP medium containing raffinose, diluted 1:20 in YPD, grown for 8 hr at 30° then harvested. Protein was extracted by bead lysis, and 10 µg of protein loaded for each sample. Western blotting was performed with anti-Hsp42 antibody. Lane 7 was left blank to avoid overflow into the Δhsp42 lane, and the bottom of the gel was stained with CBB as a loading control. (C) Yeast strain CY7086 (*WT-TTI2*) and BY4742 (no tag control) were grown to stationary phase in YPD, diluted 1:20, grown for 8 hr then heat shocked at 42° for 30 min. Protein extraction and Western blotting were done as described in (B), except with anti-Myc antibodies. The bottom of the gel was stained with CBB, and shown as a loading control. (D) The same CY7086 cell lysate from (C) was separated a second time by SDS-PAGE. Protein lysates were then Western blotted with anti-Hsp42 antibody. Protein extract from a Δhsp42 strain ([@bib5]) was used as a negative control.](1649f9){#fig9}

As [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview) levels increase in the Tti2-depleted strain, we examined whether its overexpression, or overexpression of [Hsp26](http://www.yeastgenome.org/locus/S000000276/overview) or [Hsp104](http://www.yeastgenome.org/locus/S000003949/overview), could suppress slow growth and stress sensitivity caused by low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview). Each of these heat shock proteins has been characterized for their role as molecular chaperones that bind unfolded or misfolded proteins, preventing or disrupting aggregation and mediating protein reactivation ([@bib31]; [@bib16], [@bib15]; [@bib37]). [Hsp26](http://www.yeastgenome.org/locus/S000000276/overview), [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview), and [Hsp104](http://www.yeastgenome.org/locus/S000003949/overview) were expressed from multicopy plasmids in *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* disruption strains containing either *[DED1](http://www.yeastgenome.org/locus/S000005730/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* or *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)-[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)*. Their overexpression did not result in the synthetic slow growth observed with overexpression of the Hsp90 chaperones and cochaperones, but also did not suppress slow growth caused by depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) on any of the conditions tested (Calcofluor white, hydroxyurea, ethanol, and growth at 37°) ([Figure S6](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.029520/-/DC1/FigureS6.pdf)).

Discussion {#s20}
==========

[Tti2](http://www.yeastgenome.org/locus/S000003897/overview) was initially characterized through its interaction with [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview) in mammalian cells and *S. pombe* ([@bib34]; [@bib19]; [@bib39]). The studies in mammalian cells identified a role for [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) in the cellular level of PIKK proteins. The association of [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) with nascent PIKK peptides, and interactions of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), [Tel2](http://www.yeastgenome.org/locus/S000003331/overview), and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview) with chaperones and cochaperones including, Hsp70, Hsp90, Hsp40, and R2TP subunits ([@bib19]; [@bib39]), suggested they were involved in the biosynthesis of members of the PIKK protein family. In *S. cerevisiae*, mutation of *[tel2](http://www.yeastgenome.org/locus/S000003331/overview)* results in shortened telomeres ([@bib28]), a telomere position effect ([@bib33]), and defects in DNA repair ([@bib3]). This is likely due to reduced levels of [Tel1](http://www.yeastgenome.org/locus/S000000184/overview) ([@bib3]), an effect also observed with mutation of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* ([@bib36]). The effect of individual *S. cerevisiae* TTT proteins on cellular phenotypes, and on the PIKK family members has not been well characterized. This is likely in part because gene knockouts are inviable, and due to the limited availability of conditional alleles.

Our screen for alleles of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* that resulted in growth defects identified two alleles, *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~* and *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~*. We have found that with more extensive mutagenesis, additional alleles can be obtained with multiple mutations. The protein is predicted to be rich in alpha helices, and L187 is found within a predicted helix. The proline mutation may destabilize this helix, leading to partial loss of function. We have also analyzed numerous N- and C-terminal truncations of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), and found that only short truncations at the C-terminus are viable. We were therefore initially surprised to see that the *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~Q276TAA~* allele supported viability. Although we do not see full-length protein by Western blotting, some read through is likely because ochre mutations are read through by tRNA~Gln~ ([@bib32]; [@bib11]). Such read through is enhanced if the context of the stop codon is not optimal ([@bib4]). This has been observed previously for nonsense mutations ([@bib23]), and for native stop codons, and may be a regulated event ([@bib42]).

The *[GAL10](http://www.yeastgenome.org/locus/S000000223/overview)*-expressed *[TTI2](http://www.yeastgenome.org/locus/S000003897/overview)* allele confirmed that low level expression of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is sufficient for viability. Further characterization revealed that the reduced expression leads to slow growth in many stress conditions. Many of these phenotypes are shared with mutations of PIKK encoding genes (*e.g.*, sensitivity to rapamycin, Calcofluor white, ethanol, hydroxyurea, and caffeine; see [Table 2](#t2){ref-type="table"} for a list of the phenotypes examined). In addition, expression of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview)-regulated genes decreases upon [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion. This further suggests that [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) is affected by depleting [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), as we have found hypomorphic alleles of *[TRA1](http://www.yeastgenome.org/locus/S000001141/overview)* have these same characteristics ([@bib18]). Indeed the protein levels of epitope-tagged versions of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview), [Mec1](http://www.yeastgenome.org/locus/S000000340/overview), and [Tor1](http://www.yeastgenome.org/locus/S000003827/overview) were reduced in response to [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion, with [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) steady state levels being decreased approximately eight-fold. Together with the result of [@bib36] that [Tel1](http://www.yeastgenome.org/locus/S000000184/overview) is reduced in a conditional *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* strain, our findings suggest that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is required for the expression of all of the PIKK proteins. The ability of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) to influence the PIKK proteins places it at a strategic position to regulate cell function. The PIKK proteins are themselves regulators of gene expression, chromosomal stability, DNA damage response, and protein metabolism. Factors that influence [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) will thus have a profound effect on cell survival.

###### Growth rates of the *GAL10-TTI2* strain (CY6971) under different stress conditions

  Condition                  Galactose   Raffinose   Glucose
  -------------------------- ----------- ----------- ---------
  6% ethanol                 ++          ++          \+
  8 µg/ml Calcofluor white   ++          \+          +/−
  0.1 M hydroxyurea          ++          +/−         +/−
  37°                        ++          +/−         +/−
  1 M NaCl                   ++          \+          \+
  1 nM rapamycin             ++          ++          +/−
  10 mM caffeine             ++          \+          \+

++, wild-type growth; +, slow growth; +/−, severe slow growth.

Our results support a role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) in protein biosynthesis, though perhaps more complex than acting exclusively in protein folding. As expected for a chaperone, [Tra1](http://www.yeastgenome.org/locus/S000001141/overview), [Mec1](http://www.yeastgenome.org/locus/S000000340/overview), and, to a lesser extent, [Tor1](http://www.yeastgenome.org/locus/S000003827/overview) levels, are diminished upon [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion. Nuclear localization of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) is reduced and cytoplasmic foci apparent, potentially suggesting that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) has a role in protein trafficking. The nature of the [Mec1](http://www.yeastgenome.org/locus/S000000340/overview) and [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) foci is unclear, but they do not appear to result from aggregation. Consistent with [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) being required for proteostasis, its depletion induces expression of [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview), and the stress sensitive *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)~L187P~* allele causes synthetic slow growth with overexpression of the Huntington gene PolyQ repeat sequences.

The TTT complex is associated functionally with Hsp90 and its cochaperones. [@bib39] demonstrated that the maturation of PIKK complexes is disrupted by depleting [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) or by inhibiting Hsp90. Furthermore, [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) links the R2TP/prefoldin like complex with Hsp90 and the PIKKs ([@bib19]; [@bib39]; [@bib47]). [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) shares Hsp90 and R2TP interactions with [Tel2](http://www.yeastgenome.org/locus/S000003331/overview), and the binding of [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) with Tti1-Tti2 is important for PIKK levels ([@bib21]; [@bib39]; [@bib36]). These findings suggest that the toxicity we observe when Hsp90 or its cochaperones are overexpressed in strains depleted for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), is due to a role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) with [Tel2](http://www.yeastgenome.org/locus/S000003331/overview) and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview) in mediating the association of PIKK proteins with Hsp90 and R2TP/prefoldin. We favor the idea that the toxicity is caused by Hsp90 or the cochaperones sequestering the low level of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) into nonproductive complexes, though we cannot exclude that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) normally functions to negatively inhibit what are detrimental effects of the Hsp90 chaperones.

The finding that cells can survive in exceedingly low levels of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) does suggest, however, that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) may have a specialized role. This agrees with the limited number of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) client proteins identified to date (only the PIKK proteins), the finding that [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is not a heat shock protein, its relatively low cellular abundance (estimated to be up to 100-fold less than most of the heat shock proteins with the exception of [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview); [@bib13]; refer to [Table 3](#t3){ref-type="table"}), and that overexpressing [Hsp26](http://www.yeastgenome.org/locus/S000000276/overview), [Hsp42](http://www.yeastgenome.org/locus/S000002578/overview), or [Hsp104](http://www.yeastgenome.org/locus/S000003949/overview) fails to compensate for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion.

###### Relative cellular abundance of TTT members to other heat shock proteins ([@bib13])

  Protein        Molecules/Cell
  -------------- ----------------
  Tel2           638
  Tti1           721
  Tti2           1470
  Ssa1 (Hsp70)   269,000
  Hsp82          445,000
  Hsc82          132,000
  Hsp104         32,800
  Hsp26          19,300
  Hsp42          1470

The nature of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* alleles that suppress slow growth due to mutations in the FATC domain of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) also suggests that the role for [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) in [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) biosynthesis is more complex. The C-terminal FATC domain of the PIKK proteins is integral to the kinase domain ([@bib46]). Substitution of the terminal phenylalanine of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) to alanine reduces both the level of the protein and its nuclear localization, particularly under stress. We described two alleles of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)* that almost completely reverse this effect ([@bib12]). The suppressing alleles are partially dominant, but, since we have subsequently found numerous other suppressing alleles, many with multiple mutations, we believe that suppression is due to a loss of [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) function. If as predicted, partial loss of a [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) function restores the stability and localization of defective [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) derivatives, [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) would seem to have a role outside of protein folding. In this regard, the relationship between [Tti2](http://www.yeastgenome.org/locus/S000003897/overview), [Tel2](http://www.yeastgenome.org/locus/S000003331/overview), and [Tti1](http://www.yeastgenome.org/locus/S000001516/overview) needs further investigation. Interestingly, our random selections for suppressors of *[tra1](http://www.yeastgenome.org/locus/S000001141/overview)~F3744A~* have identified numerous alleles of *[tti2](http://www.yeastgenome.org/locus/S000003897/overview)*, but not alleles of *[tel2](http://www.yeastgenome.org/locus/S000003331/overview)* or *[tti1](http://www.yeastgenome.org/locus/S000001516/overview)*.

The possibility that the PIKK proteins are the only known clients of the TTT complex has implications with regard to the function of the TTT complex. It also may further define the significance of the PIKK proteins, which may warrant their exclusive regulation by the TTT complex. What targets the PIKK proteins for regulation by [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) is unclear? Our earlier study highlighted a genetic interaction between the C-terminal FATC domain of [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) ([@bib12]). The FATC domain is shared among the PIKK proteins, but is not likely to be solely responsible because suppression is not allele specific, and similar mutations in *[mec1](http://www.yeastgenome.org/locus/S000000340/overview)* are not suppressed ([@bib12]). We also note that, to further address if there are additional clients of the TTT complex, we have analyzed two-dimensional gels before and after [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion. Of the ∼500 proteins visible, we could detect none with a change in expression comparable to the [Tra1](http://www.yeastgenome.org/locus/S000001141/overview) and [Mec1](http://www.yeastgenome.org/locus/S000000340/overview), though two proteins, whose levels are reduced approximately three-fold upon [Tti2](http://www.yeastgenome.org/locus/S000003897/overview) depletion, are being evaluated as potential clients.
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